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Abstract: Easily accessible biomarkers for Alzheimer’s dementia (AD) are lacking and established
clinical markers are limited in applicability. Blood is a common biofluid for biomarker discoveries,
and extracellular vesicles (EVs) may provide a matrix for exploring AD related biomarkers. Thus,
we investigated proteins related to neurological and inflammatory processes in plasma and EVs.
By proximity extension assay (PEA), 182 proteins were measured in plasma and EVs from patients with
AD (n = 10), Mild Cognitive Impairment (MCI, n = 10), and healthy controls (n = 10). Plasma-derived
EVs were enriched by 20,000× g, 1 h, 4 ◦C, and confirmed using nanoparticle tracking analysis (NTA),
western blotting, and transmission electron microscopy with immunolabelling (IEM). Presence of
CD9+ EVs was confirmed by western blotting and IEM. No group differences in particle concentration
or size were detected by NTA. However, significant protein profiles were observed among subjects,
particularly for EVs. Several proteins and their ratios could distinguish cognitively affected from
healthy individuals. For plasma TGF-α | CCL20 (AUC = 0.96, 95% CI = 0.88–1.00, p = 0.001) and EVs
CLEC1B | CCL11 (AUC = 0.95, 95% CI = 0.86–1.00, p = 0.001) showed diagnostic capabilities. Using
PEA, we identified protein profiles capable of distinguishing healthy controls from AD patients. EVs
provided additional biological information related to AD not observed in plasma alone.
Keywords: Alzheimer; proximity extension assay; plasma; extracellular vesicles; biomarkers; mild
cognitive impairment; protein
1. Introduction
Alzheimer’s dementia (AD) is the most common form of dementia, making up 60 to 80% of all
cases [1], with a global prevalence of over 50 million by 2019 and an expected increase to 152 million
by 2050 [2]. Current diagnostic methods include positron emission tomography scans and changes of
amyloid-β (Aβ) and tau in the cerebrospinal fluid (CSF). However, insufficient accessibility for general
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practitioners, invasiveness, and high cost limit the usefulness of these methods [3]. Therefore, a reliable
blood-based biomarker could be desirable. Biological pathways, such as systemic or inflammatory
reactions are also implicated in AD pathogenesis, and e.g., a higher ApoE expression causes a higher
systemic inflammation level, in addition to an increased vascular Aβ deposition [4,5]. Breakdown of
the blood–brain barrier (BBB) is thought to occur as an early event of the AD pathogenesis leading
to presence of proteins associated with neurodegeneration which may be reflected in blood [6], and
the same applies for markers of potential endothelial damage in AD [7]. However, the complex
composition of blood, complicates the detection of low abundant proteins [8].
Extracellular vesicles (EVs) denote a heterogeneous group of particles with a double lipid-layer
membrane, which are released from cells in an evolutionary conserved manner. The two major groups
of EVs are exosomes (50–150 nm) and microvesicles (100–1000 nm). During biogenesis EVs are loaded
with various proteins, lipids, and miRNAs, implying that their composition potentially mirrors the
physiological state of their parental cell [9]. EVs are considered rich sources for disease biomarkers,
which has related them to the term “liquid biopsies” [10]. Studies have also shown that these entities
are released by neurons, astrocytes, oligodendrocytes, and other cell types of the central nervous
system (CNS) [11,12], and that they are able to cross the BBB with subsequent appearance in the
circulation [13]. EVs occurring in plasma have been associated with various phenomena related to AD
pathology, including synaptic dysfunction [14], dysregulation of neuronal differentiation, proliferation,
and survival [15], complement activation [16], and vascular complications [17,18]. EVs have also been
implicated in the spreading [19,20] or clearing [21,22] of the accumulating neurotoxic proteins Aβ
and tau.
Discovery-based studies require large-scale measurements of multiple proteins based on methods
like mass spectrometry, immunological methods, or combinations thereof. A variety of the mentioned
methods have previously been used in studies of AD for investigating markers of disease in both
plasma [23,24] and EVs [13,16,25,26] although often with conflicting results. Mass spectrometry is biased
towards abundant proteins, making detection of low abundant proteins a challenge [27]. A novel
method, proximity extension assay (PEA), combines immunological detection with quantitative
polymerase chain reaction (qPCR). By this combination, a substantial scalability, sensitivity, and
specificity can be achieved [28], where relative quantification of multiple proteins is possible. In addition,
whereas many methods may require a considerable amount of sample material, PEA only requires a
diminutive sample volume of as little as 1 µL [29], to detect as many as 92 proteins simultaneously.
Therefore, the aim of this study was to investigate the levels of plasma and EV-derived proteins
from patients with AD and Mild Cognitive Impairment (MCI) and to compare these with protein levels
to that of healthy individuals. Our working hypothesis was that there are differences in the levels of
proteins involved in neurological and inflammatory processes among healthy and disease individuals,
and that these differences can be measured by the PEA technique.
Using PEA, both plasma and EVs contained a panel of protein ratios able to distinguish healthy
controls from AD patients. Furthermore, PEA analysis of EVs allowed for the identification of
statistically significant protein signatures, providing additional disease relevant information not found
in plasma.
2. Experimental Section
2.1. Study Participants
For this study, 10 participants were included in each of the three groups: AD, MCI, and healthy
controls. Patients with AD or MCI were enrolled consecutively from the Department of Neurology at
Aalborg University Hospital. Patients with AD were diagnosed with mild to moderate AD based on the
International Classification of Diseases and Related Health Problems 10th Edition (ICD10) criteria [30]
and National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s
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Disease and Related Disorders Association (NINCDS-ADRDA) criteria [31], while MCI patients were
diagnosed according to the Petersen criteria [32].
Blood samples from age- and sex-related healthy subjects were collected as controls from the
blood bank at Aalborg University Hospital. Blood donors above 65 years of age were required to
answer a questionnaire prior to blood donation, regarding their physical and mental state, such as
having experienced fatigue, chest pain, or memory impairment. This study was approved by the North
Denmark Region Committee on Health Research Ethics (N-20150010) and conducted according to the
Declaration of Helsinki. All study participants signed a written informed consent at the inclusion of
the study.
2.2. Sample Collection
Patient samples were collected at the time of diagnosis and before initiation of treatment. Peripheral
blood was collected from the median cubital vein using a 21-gauge needle (Vacuette, Greiner Bio-One,
Austria) in 9 mL 0.105 M (3.2%) trisodium citrate tubes (BD Vacutainer®, UK) and in 10 mL clot
activator tubes (BD Vacutainer®, UK). Platelet free plasma and serum was obtained by a double
centrifugation of 2500× g for 15 minutes at room temperature [33]. Plasma and serum collection were
stopped 1 cm above the buffy coat and pellet, respectively, after the first and second centrifugation.
Plasma and serum were snap-frozen in liquid nitrogen and stored at −80 ◦C until analysis.
2.3. Biochemical Analysis
Alanine transaminase, albumin, carbamide, cholesterol, creatinine, C-reactive protein (CRP),
glucose, high density lipoprotein cholesterol, lactate dehydrogenase, low density lipoprotein (LDL)
cholesterol, and triglycerides were measured from serum samples at the Department of Clinical
Biochemistry, Aalborg University Hospital, using the Cobas 8000 Modular Analyzer (Roche Applied
Science, Penzberg, Germany). Haemoglobin was also measured for the enrolled study participants.
2.4. Extracellular Vesicle Enrichment and Preparation
EVs were enriched from 1 mL plasma using centrifugation twice at 20,000× g for 1 hour at 4 ◦C
in a multifuge 3 S-R with a fixed angle rotor (#3332, Heraeus, Hanau Germany). EVs were washed
in 1 mL 0.22 µm filtered phosphate buffered saline (PBS) between centrifugations, while the final
EV pellet was resuspended in 10 µL PBS. In preparation for PEA, EVs were mixed 1:4 with M-PER™
Mammalian Protein Extraction Reagent (Thermo Scientific, Rockford, IL, USA) with Pierce™ Protease
Inhibitor Mini Tablets, EDTA-free (Thermo Scientific, Rockford, IL, USA) and processed according to
manufacturer’s protocol (Procedure for Lysis of Suspension) [34].
2.5. Characterization of Extracellular Vesicles
2.5.1. Nanoparticle Tracking Analysis
Nanoparticle tracking analysis (NTA) was conducted to measure both the concentration and
size of particles in EV pellets using a LM10-HS system equipped with a blue 405 nm laser (Malvern
Instruments Ltd., Malvern, UK) coupled with a Luca-DL EMCCD camera (Andor Technology, Belfast,
UK). System settings were validated using 0.1 µm silica beads (Polysciences, Hirchberg, Germany).
Applied settings were camera level 11, threshold 3 with blur 9 × 9. EV pellets were diluted in filtered
PBS to ensure an optimal particle per frame count recommended by the manufacturer. For each
sample, five video recordings of 30 seconds were processed by the Nanosight NTA software version
3.0 (Malvern Instruments Ltd., Malvern, UK).
2.5.2. Western Blotting
Western blotting was performed to validate EV enrichment using the EV markers CD9 and
programmed cell death 6-interacting protein (ALIX). EV pellets were pooled and mixed 4:1 with 2×
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Laemmli Sample Buffer (Bio-Rad Laboratories, Hercules, CA, USA), and boiled for 5 minutes at 100 ◦C.
Proteins were separated in MiniProtean TGX 4–15% gels (Bio-Rad Laboratories, Hercules, CA, USA)
and transferred at 100 V for 1 hour onto Amersham Hybond 0.2 µm PVDF blotting membranes (GE
Healthcare, Little Chalfont, UK). The membranes were blocked for 1 hour with 5% (w/v) skim milk
blocking buffer, and then incubated with primary monoclonal mouse anti-CD9 antibody (clone M-L13,
BD Pharmingen, San Diego, CA, USA) and primary polyclonal rabbit anti- ALIX antibody (Merck
Millipore, Burlington, MA, USA) diluted 1:500 and 1:1000 in 2.5% (w/v) skim milk blocking buffer,
respectively. Secondary antibodies used were horseradish peroxidase conjugated polyclonal goat
anti-mouse immunoglobulins/HRP (Dako, Glostrup, Denmark) and Amersham ECL donkey anti-rabbit
IgG, HRP-linked F(ab’)2 fragment (GE Healthcare, Little Chalfont, UK) both diluted 1:30,000 in 2.5%
(w/v) skim milk blocking buffer. As positive and negative controls, a platelet lysate and PBS were
used, respectively. Protein detection was performed using enhanced chemiluminescence Lumi-Light
Western Blotting Substrate (Roche Diagnostics, Indianapolis, IN, USA) and captured with the Pxi4
system and GeneSys software version 1.5.4.0 (Syngene, Cambridge, UK).
2.5.3. Transmission Electron Microscopy with Immunogold Labelling
Transmission Electron Microscopy (TEM) was performed to detect and confirm vesicular CD9+
structures in the EV pellets. TEM was performed as previously described [35]. Briefly, five microliters of
pooled EV pellets were mounted for 30 seconds on carbon-coated, glow discharged 400 mesh Ni grids
(SPI Supplies, Chester, PA, USA), stained with one drop 1% (w/v) phosphotungstic acid (PTA) pH 7.0
(Ted Pella, Caspilor AB, Lindingö, Sweden), and then dry-blotted using filter papers. For phenotypical
characterization of the vesicular structures, TEM with immunogold labelling (IEM) was performed.
EV pellets were mounted for 30 seconds on carbon-coated, glow discharged 400 mesh Ni grids, with
three times washing with PBS followed by blocking using 0.5% ovalbumin (Sigma-Aldrich, St. Louis,
MO, USA) in PBS. The grids then incubated for 30 minutes at 37 ◦C with primary monoclonal mouse
anti-CD9 antibody (clone M-L13, BD Pharmingen, San Diego, CA, USA) diluted 1:50 in 0.5% ovalbumin
in PBS. Afterwards, grids were washed thrice in PBS and incubated with secondary antibody 10 nm
gold-conjugated goat anti-mouse (British BioCell, Cardiff, UK) diluted 1:25 in 0.5% ovalbumin in PBS.
The grids were washed thrice with PBS and then incubated on three droplets of 1% cold fish gelatine
(Sigma-Aldrich, St. Louis, MO, USA), 10 minutes per drop. Lastly, the grids were again washed thrice
with PBS, stained with one drop of 1% (w/v) PTA pH 7.0, and blotted dry with filter papers. Images
were obtained using a JEM-1010 transmission electron microscope (JEOL, Tokyo, Japan) operated
at 60 keV coupled with an electron sensitive CCD camera (KeenView, Olympus, Tokyo, Japan). For
determination of size, a grid size replica (2,160 lines/mm) and ImageJ software version 1.51j8 (NIH,
Bethesda, MD, USA) were used.
2.6. Proximity Extension Assay
To ensure equal sample loading for PEA, protein concentrations of EVs were determined using the
Pierce™ bicinchoninic acid assay kit (Thermo Scientific, Rockford, IL, USA) according to manufacturer’s
protocol (microplate procedure) [36]. EV pellets were diluted equally to 0.71 µg/µL, which were within
the recommended concentration range for PEA of 0.5–1.0 µg/µL [37].
The Neurology and Inflammation panels (Olink® Bioscience, Uppsala, Sweden) were used to
analyse plasma and EVs for 182 neurological- and inflammatory-related proteins comprised by the
manufacturer [28,29]. Briefly, antibody probe pairs labelled with oligonucleotides were incubated
overnight with samples. Antibody probe pairs in close proximity to each other would then hybridize.
DNA polymerase was added to the samples for DNA amplification and quantification through
microfluidic real-time qPCR (96.96 Dynamic Array™ Integrated Fluidic Circuit, Fluidigm BioMark).
Cycle threshold values (Ct-values) from the PCR reaction were presented as arbitrary units and used
for relative quantification as Normalized Protein Expression (NPX) values in a log2-scale. Using NPX
Manager (Olink® Bioscience, Uppsala, Sweden), NPX values were calculated in three steps. The
Biomedicines 2020, 8, 199 5 of 21
extension control was subtracted from sample Ct-values to correct for intra-assay variation (∆Ct(analyte)
= Ct(analyte) − Ct(Extension Control)). The interplate control was subtracted to correct for inter-assay
variation (∆∆Ct(analyte) = ∆Ct(analyte) − ∆Ct(Interplate Control)). The last step to calculate the NPX values
requires normalization against a correction factor, which was calculated by the manufacturer during
panel validation (NPX(analyte) = Correction Factor − ∆∆Ct(analyte)). Thus, a high Ct-value equalled a
low protein concentration, and a high NPX value corresponded to a high protein concentration.
2.7. Statistical Analysis
Data were presented as mean ± standard deviation (SD) or median with interquartile range (IQR).
Data distribution and equal variances were assessed through Shapiro-Wilks test and Levene’s test,
respectively. Proteins were filtered based on the percentage of NPX values above the lower limit of
detection (LOD); proteins with ≥ 70% above LOD in at least one group were included in the analysis.
Primary and secondary comparisons were made, comparing AD patients with controls or comparing
all three groups, respectively. The first comparison was to elucidate clear distinctions in protein profiles
between healthy and disease, while the second comparison was to investigate changes related to
disease progression. Depending on the group comparisons, parametric tests (Student’s t-test and
analysis of variance (ANOVA) with Tukey’s honestly significant difference (HSD) post hoc test) or
the equivalent non-parametric tests (Mann-Whitney U test and Kruskal Wallis H test with Bonferroni
correction) were used. A permutation-based false discovery rate (FDR) was applied to account for
multiple comparisons. Significance was at < 0.05. Prior to fold-change calculations and correlation
analysis, NPX values were transformed from a logarithmic scale to a linear scale. Correlations were
performed amongst FDR significant proteins, CSF measurements, and CRP levels using Pearson’s rho.
Venn diagrams were created using Biovenn [38]. Supervised partial least squared discriminant
analysis (PLSDA) was performed to identify proteins related to sample grouping. Data was autoscaled
and then a five-fold Venetian-Blinds cross validation was employed. Models were visualised using
scores and loadings plots. The scores plots represent each individual sample. Loadings plots were
used to identify the most significant proteins discriminating AD and controls. Receiver operating
characteristic (ROC) curves and their area under the curve (AUC) were made for ratios of NPX values
for proteins which showed high covariance by PLSDA and for single proteins with FDR significance.
Optimal cut-off points for sensitivity and specificity were determined by Youden’s index [39].
IBM SPSS Statistics 26 (SPSS, Chicago, IL, USA), MATLAB (R2017b, MathWorks, Natick, MA,
USA), Perseus version 1.6.7.0 [40], and GraphPad Prism 7.01 (GraphPad Software, La Jolla, CA, USA)
were used.
3. Results
3.1. Characteristics of Study Participants
Two patient groups with AD or MCI and a control group were included in this study. Characteristics
of study participants, biochemical parameters, and clinical parameters were summarized in Table 1. All
biochemical parameters were within the range of the reference intervals for all three groups, however,
few subjects had elevated levels of triglycerides and LDL cholesterol (Table 1). Generally, cognitive test
scores and measured CSF protein levels indicated that AD patients were at the mild stage (Table 1).
3.2. Characterisation of Extracellular Vesicles Enrichment
NTA revealed that the particle concentration (Figure 1A), mean particle size (Figure 1B) and size
distribution (Figure 1C) were not significantly different between healthy controls and patient groups.
However, protein measurements showed a significantly increased protein concentration in AD patients
compared to both MCI patients (p = 0.020) and healthy controls (p = 0.019) (Figure 1D). Western blot
analysis showed the presence of the EV specific tetraspanin CD9 and the cytosolic protein ALIX in all
three groups (Figure 1E), confirming the enrichment of EVs. TEM and IEM confirmed the presence of
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intact vesicular structures, as well as phenotypical confirmation of CD9+ EVs, within the size range of
approximately 200 nm in EV pellets from both controls and patient groups (Figure 1F).
Table 1. Characteristics of study participants.
Subject Group
Con (n = 10) MCI (n = 10) AD (n = 10) Reference Interval *
Demographics
Age (years) b 65 (65–66) 72 (69–76) 72 (68–74) -
Male/female (n) 4/6 2/8 4/6 -
Biochemical parameters
Alanine transaminase (U/I) b 19.1 (18.0–34.7) 20.1 (15.4–45.4) 20.0 (18.0–29.5) 10.0–50.0
Albumin (g/L) a 39.9 ± 2.3 39.4 ± 2.2 40.6 ± 2.5 34.0–45.0
Carbamide (mmol/L) b 4.6 (4.3–6.1) 5.6 (5.2–7.1) 5.2 (4.8–6.4) 3.1–8.1
Cholesterol (mmol/L) a 5.3 ± 0.7 5.8 ± 1.5 4.5 ± 0.9 4.1–8.5
Creatinine (µmol/L) b 72.0 (60.8–86.1) 65.7 (60.5–80.1) 72.4 (66.9–88.9) 45.0–105.0
C-reactive protein (mg/L) b 1.3 (0.5–3.2) 1.4 (0.6–3.7) 0.7 (0.3–2.6) ≤ 8.0
Glucose (mmol/L) b 5.4 (4.8–5.6) 5.0 (4.5–5.6) 5.1 (4.9–5.4) 4.2–7.8
Haemoglobin (mmol/L) a 9.0 ± 0.9 8.4 ± 0.8 (n = 8) 9.0 ± 0.5 (n = 9) 7.3–10.5
High density lipoprotein
cholesterol (mmol/L) a 1.5 ± 0.4 1.8 ± 0.5 1.7 ± 0.4 0.8–2.0
Lactate dehydrogenase (U/I) a 164.2 ± 22.0 179.6 ± 32.6 181.4 ± 9.9 105.0–255.0
Low density lipoprotein
cholesterol (mmol/L) a 3.0 ± 0.7 3.3 ± 1.1 2.2 ± 0.6 1.8–4.5
Triglyceride (mmol/L) b 1.5 (1.0–2.4) 1.3 (0.9–2.0) 1.1 (1.0–1.6) ≤ 2.0
Clinical parameters
Mini Mental State
Examination b - 27.5 (26.0–30.0) 25.5 (21.3–27.3) -
Functional Activities
Questionnaire a - 4.0 ± 2.0 (n = 3) 10.4 ± 4.6 (n = 5) -
Addenbrooke’s Cognitive
Examinationa - 85.0 ± 5.6 (n = 6) 58.7 ± 16.5 (n = 3) -
CSF Aβ (ng/L) a - 998.5 ± 482.6 (n = 4) 626.3 ± 260.9 (n = 6) > 500
CSF phospho-tau (ng/L) a - 98.0 ± 61.3 (n = 4) 80.5 ± 29.5 (n = 6) < 61
CSF tau (ng/L) a - 563.0 ± 363.9 (n = 4) 628.2 ± 288.9 (n = 6) < 450 (51–70 years)
< 500 (71–90 years)
a Mean ± SD. b Median with IQR. * Combined reference interval for men and women.
3.3. Multiplex Detection of Plasma and Extracellular Vesicle Protein Profiles by the Proximity Extension Assay
The plasma and EV samples were analysed with the commercially available Olink® Neurology
and Inflammation PEA panels. The Neurology panel revealed a total of 90 proteins detected in plasma
in all three groups, of which 41 was shared with the EVs (Figure 2A). For the Inflammation panel, 79
proteins were measured in plasma samples in all three groups, of which 50 proteins overlapped with
the EVs (Figure 2B). None of the identified proteins, for both the panels, were uniquely expressed in
the EV samples. A full list of all identified proteins and their corresponding NPX values from both
panels can be found in supplementary materials Table S1.
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measured by BCA. Alzheimer’s dementia (AD) patients had a significantly higher mean protein 
concentration compared to the Mild Cognitive Impairment (MCI) and controls groups. Scatter plots 
depict the median with interquartile range (IQR) and mean ± SD, respectively. (E) EV pellets were 
pooled within their respective groups and an equal volume of pellets were analysed by western 
blotting for the EV markers CD9 and ALIX. A positive signal for all markers were found in all three 
groups. (F) Transmission Electron Microscopy (TEM) images of negative stains of pooled EV pellets, 
as well as immunolabelling (IEM) images of CD9 positive particles identified in EV pellets. The 
Figure 1. Extracellular vesicles characterization. Nanoparticle tracking analysis (NTA) was performed
for controls and patient groups to determine (A) particle concentration and (B) mean particle size. (C)
Size distributions of the measured particles were divided into three subgroups consisting of particles
<100 nm, 100–200 nm, and >200 nm. (D) Protein conc rations of extracellular vesicles (EV) pellets
measured by BCA. Alzheimer’s dementia (AD) patients had a significantly higher mean protein
concentration compared to the Mild Cognitive Impairment (MCI) and controls groups. Scatter plots
depict the median with interquartile range (IQR) and mean ± SD, respectively. (E) EV pellets were
pooled within their respective groups and an equal volume of pellets were analysed by western blotting
for the EV markers CD9 and ALIX. A positive signal for all markers were found in all three groups. (F)
Transmission Electron Microscopy (TEM) images of negative stains of pooled EV pellets, as well as
immunolabelling (IEM) images of CD9 positive particles identified in EV pellets. The immunoreactivity
in the IEM images is mainly confined to the membrane of the EVs. Both close-up and wide field images
are shown. The scale bar is 500 nm. * indicates p < 0.05.
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2. Area proportional Venn diagr ms were created for visual representation of number of proteins
in plasma and EV samples measured by proximity extension assay (PEA) using the Neurology and
Inflammation panels. (A) For the Neurology panel, 90 proteins were d tected in plasma with 41 proteins
expressed in EV samples and 49 prote s only in a ma. (B) Fo the Inflammation panel, 79 pr teins
were detected in plasma with 50 prot ins expressed in the EV samples and 29 proteins only plasma.
PLSDA performed on plasma (Figure 3A) and EV (Figure 3B) derived proteins revealed samples
clustering along the first latent variable (LV1) according to whether subjects were cognitively affected
(AD or MCI) or not (control). A clear separation was observed between AD patients and controls in
both scores pl ts, indicating that distinct protei profiles were causing this differe tiation. Loadings
plots revealed the protein profiles able to disti guish bet een AD and control individuals in both
lasma (Figure 3C) and EV samples (Figure 3D). Th s, the sum of all lo dings determined the averaged
molecular signature of individuals.
3.4. Differentially Expressed Proteins Related to Alzheimer’s Dementia
In order to identify dysregulated proteins related to AD pathogenesis, primary and secondary
comparisons were performed. Although MCI is a potential precursor stage for AD, it is also a
heterogeneous group and as this patient group was included at time of diagnosis, there is an uncertainty
to the outcome of their progression. Therefore, this group was excluded from the primary comparison
to enable clear protein distinctions between AD and control individuals. A secondary comparison was
subsequently conducted between all groups to investigate changes of protein expressions in regard to
disease progression (Tables 2 and 3). Additional information regarding post hoc test results from the
secondary comparisons can be found in supplementary materials Table S2.
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Figure 3. Partial least squared discriminant analysis of proteins from the Neurology and Inflammation
panels measured in plasma and EV samples. Scores plots for all three groups measured in (A) plasma
and (B) EV samples, where each score represents a sample. Loadings plots of (C) plasma and (D) EV
samples, where each loading represents the variation in a specific protein. The larger the bar, the more
significant the protein is in sample grouping. The orientation of each loadings’ variable describes if
the corresponding protein was found at higher levels in controls compared to AD patients, where the
vertical arrows were provided to facilitate interpretation.
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Table 2. Significantly expressed proteins identified from the Neurology panel in plasma and extracellular vesicles.
Neurology Panel—Plasma
Protein
NPX Fold Change AD|Con Con |MCI|AD
Con MCI AD MCI|Con AD|Con AD|MCI p-Value FDR p-Value FDR
N-CDase 4.42 ± 0.58 4.49 ± 0.62 3.73 ± 0.39 1.07 0.60 0.56 0.006 0.212 0.006 0.436
RSPO1 3.83 ± 0.23 4.08 ± 0.24 4.20 ± 0.30 1.19 1.30 1.10 0.006 0.424 0.010 0.336
TNFRSF12A 6.00 ± 0.24 6.27 ± 0.28 6.27 ± 0.28 1.21 1.22 1.01 0.029 0.596 0.043 0.877
TN-R 4.24 ± 0.47 4.29 ± 0.47 3.81 ± 0.30 1.03 0.72 0.70 0.026 0.728 0.031 0.829
NTRK2 5.85 ± 0.24 5.96 ± 0.14 5.74 ± 0.17 1.07 0.92 0.86 0.247 1.000 <0.050 0.817
Neurology Panel—EVs
CD38 0.94 ± 0.73 0.27 ± 0.20 0.24 ± 0.38 0.56 0.56 1.00 0.015 0.260 0.005 0.022
CLM-1 2.64 ± 0.72 1.70 ± 0.43 1.65 ± 0.64 0.49 0.50 1.00 0.004 0.136 0.001 0.024
CLM-6 2.33 ± 0.59 1.70 ± 0.23 1.75 ± 0.39 0.61 0.64 1.06 0.018 0.207 0.004 0.027
JAM-B 5.08(4.52–5.42)
4.13
(3.87–4.64)
4.33
(3.99–4.87) 0.51 0.60 1.16 0.029
a 0.194 0.029 b 0.101
Siglec-9 3.76 ± 0.69 2.85 ± 0.31 3.06 ± 0.50 0.49 0.59 1.20 0.019 0.132 0.002 0.016
SIGLEC1 3.10 ± 1.29 2.29 ± 0.48 1.89 ± 0.70 0.41 0.33 0.81 0.019 0.164 0.017 0.089
SKR3 5.73 ± 1.05 4.78 ± 0.46 4.83 ± 0.75 0.43 0.47 1.09 0.041 0.218 0.020 0.067
CD200 1.12 ± 0.83 0.36 ± 0.38 0.65 ± 0.51 0.54 0.67 1.25 0.148 0.245 0.030 0.080
CLEC1B 8.52 ± 1.16 7.78 ± 0.62 7.50 ± 0.97 0.51 0.48 0.95 0.048 0.225 0.062 0.143
EZR 4.30(3.24–4.63)
3.20
(2.30–3.70)
3.66
(3.37–4.10) 0.48 0.64 1.34 0.350 0.435 0.021
b 0.075
gal-8 5.06 ± 0.87 4.17 ± 0.43 4.49 ± 0.73 0.48 0.65 1.37 0.131 0.229 0.020 0.067
PLXNB3 1.42 ± 0.52 0.91 ± 0.30 1.02 ± 0.33 0.68 0.73 1.08 0.052 0.212 0.019 0.081
TN-R 1.39 ± 0.47 1.03 ± 0.39 0.90 ± 0.47 0.77 0.71 0.93 0.032 0.199 0.056 0.137
a Mann-Whitney U; b Kruskal Wallis H test with Bonferroni correction.
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Table 3. Significantly expressed proteins identified from the Inflammation panel in plasma and extracellular vesicles.
Inflammation Panel—Plasma
Protein
NPX Fold Change AD|Con Con |MCI|AD
Con MCI AD MCI|Con AD|Con AD|MCI p-Value FDR p-Value FDR
IL-2RB 1.29 ± 0.28 1.04 ± 0.18 1.03 ± 0.26 0.83 0.83 1.00 0.041 0.442 0.036 0.799
OSM 2.85 ± 0.56 3.39 ± 0.72 4.08 ± 1.08 1.52 2.84 1.87 0.005 0.150 0.009 0.338
TGF-α 3.76 ± 0.22 4.09 ± 0.42 4.34 ± 0.37 1.30 1.53 1.18 <0.000 0.020 0.003 0.208
TRANCE 5.09 ± 0.36 4.90 ± 0.43 4.49 ± 0.72 0.89 0.71 0.80 0.030 0.477 0.048 0.631
CXCL1 7.45 ± 0.75 7.05 ± 0.43 6.84 ± 0.45 0.70 0.61 0.87 0.039 0.499 0.061 0.703
CXCL9 7.63 ± 0.61 8.32 ± 1.09 8.36 ± 0.92 2.10 1.81 0.86 0.049 0.395 0.139 1.000
GDNF 2.35 ± 0.25 2.65 ± 0.34 2.38 ± 0.22 1.24 1.02 0.82 0.786 0.940 0.042 0.693
HGF 8.21 ± 0.35 8.50 ± 0.43 8.60 ± 0.39 1.24 1.32 1.06 0.029 0.607 0.081 0.717
Inflammation Panel–EVs
4E-BP1 1.66 ± 0.65 1.11 ± 0.32 1.12 ± 0.42 0.64 0.65 1.02 0.040 0.345 0.025 0.189
ADA 1.81 ± 0.72 1.19 ± 0.26 1.24 ± 0.26 0.59 0.61 1.03 0.029 0.364 0.010 0.396
CCL11 0.75(0.68–0.91)
0.78
(0.69–1.00)
1.03
(0.93–1.25) 1.02 1.21 1.19 0.001 0.024 0.011
b 0.185
CD244 5.84 ± 0.96 4.96 ± 0.39 4.93 ± 0.69 0.47 0.49 1.05 0.026 0.435 0.012 0.224
CD40 10.15 ± 1.13 9.17 ± 0.50 9.00 ± 0.93 0.42 0.43 1.02 0.024 0.590 0.016 0.201
TGF-α 0.41 ± 0.26 0.14 ± 0.28 0.13 ± 0.28 0.83 0.83 1.00 0.034 0.338 0.049 0.149
CD5 5.62 ± 1.19 4.45 ± 0.68 4.88 ± 0.57 0.36 0.47 1.31 0.091 0.372 0.016 0.151
CXCL1 3.48 ± 1.03 3.03 ± 0.47 2.64 ± 0.71 0.63 0.53 0.84 0.048 0.307 0.069 0.196
IL-18R1 5.26 ± 1.04 4.38 ± 0.60 4.73 ± 0.43 0.49 0.59 1.22 0.155 0.386 0.041 0.176
SCF 1.89(1.55–2.60)
1.94
(1.81–2.22)
1.48
(1.30–1.87) 1.03 0.75 0.73 0.071 0.328 0.034
b 0.160
TNFRSF9 1.42(1.02–1.69)
0.91
(0.77–1.16)
1.20
(0.98–1.48) 0.70 0.86 1.22 0.739
a 0.945 0.033 b 0.151
uPA 5.06(4.60–5.53)
4.22
(3.95–4.61)
4.37
(4.21–4.54) 0.56 0.63 1.12 0.052
a 0.347 0.042 b 0.166
a Mann-Whitney U; b Kruskal Wallis H test with Bonferroni correction.
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Two distinctive differentially expressed protein profiles were identified measuring the neurology
related proteins comparing plasma and EV samples (Table 2). A higher number of significantly
regulated proteins could be detected in EV samples compared to plasma, with 13 proteins detected
from EVs and five proteins detected in plasma. Four proteins were significantly different between
the three groups after FDR correction; CD38 (FDR: 0.022), CMRF35-like molecule 1 (CLM-1, FDR:
0.024), CMRF35-like molecule 6 (CLM-6, FDR: 0.027), and sialic acid-binding Ig-like lectin 9 (Siglec-9,
FDR: 0.016), which were only differentially expressed in EV samples. For all four proteins, these were
downregulated in the disease groups (MCI and AD) compared to healthy individuals.
Similar observations were noticed for the proteins measured by the Inflammation panel when
comparing plasma and EVs (Table 3). As for the Neurology panel, the EV samples contained a higher
number of significantly different proteins compared to plasma for the Inflammation panel. For plasma
samples, eight significant proteins were identified, while for the EV samples 12 proteins were identified.
Two proteins were significantly different after FDR correction when comparing AD patients and healthy
controls; transforming growth factor-α (TGF-α, FDR: 0.020) from plasma samples and Eotaxin (CCL11,
FDR: 0.024) from EV samples. Here both proteins were elevated in the AD group. This indicated that a
great difference in protein expression could be obtained depending on the sample material analysed.
Several of the FDR significant proteins correlated amongst each other within the three groups.
For AD patients Siglec-9 | CLM-1 (rho = 0.78, p = 0.008), Siglec-9 | CD38 (rho = 0.71, p = 0.02), CLM-1 |
CD38 (rho = 0.73, p = 0.02), and CLM-6 | CD38 (rho = 0.77, p = 0.009) showed significant correlations.
For the MCI group CLM-1 | CLM-6 (rho = 0.91, p = 0.0002) showed significant correlation. Lastly, for
the healthy control group Siglec-9 | CLM-1 (rho = 0.72, p = 0.02), Siglec-9 | CLM-6 (rho = 0.91, p =
0.0003), Siglec-9 | CD38 (rho = 0.87, p = 0.001), CLM-1 | CLM-6 (rho = 0.88, p = 0.001), CLM-1 | CD38
(rho = 0.69, p = 0.03), and CLM-6 | CD38 (rho = 0.91, p = 0.0003) showed significant correlations. Due
to the immune related functions of the FDR significant proteins from the Neurology panel, correlations
were also performed with CRP levels. However, no significant correlations were found. Inflammatory
related proteins CCL11 and TGF-α did not show correlations with neither FDR significant proteins nor
CRP. No significant correlations between CSF measurements and FDR significant proteins could be
observed for the AD group.
ROC curves were made to ascertain diagnostic capabilities of proteins identified by the PLSDA
models and FDR significance of single proteins for plasma and EVs. For both plasma and EV matrices,
one protein and 19 protein ratios showed significance, with a set inclusion criteria for ROC curves
with an AUC > 0.80 and with a 95% confidence interval (CI) 0.70–1.00 (Table 4). For single proteins
with FDR significance; TGF-α (AUC: 0.93, 95% CI: 0.82–1.00, p: 0.001) for plasma and CCL11 (AUC:
0.86, 95% CI: 0.73–1.00, p: 0.004) for EVs showed noteworthy results for diagnostics when comparing
controls and patients with AD (Figure 4). The top three combined biomarkers showed great diagnostic
performance for plasma (ratios TGF-α and C-C motif chemokine 20 (CCL20) (AUCTGF-α | CCL20:
0.96, 95% CI: 0.88–1.00, p: 0.001); mesencephalic astrocyte-derived neurotrophic factor (MANF) and
oncostatin-M (OSM) (AUCMANF | OSM: 0.96, 95% CI: 0.88–1.00, p: 0.001); plexin-B3 (PLXNB3) and
TGF-α (AUCPLXNB3 | TGF-α: 0.95, 95% CI: 0.86–1.00, p: 0.001)) and EVs (ratios c-type lectin domain
family 1 member B (CLEC1B) and CCL11 (AUCCLEC1B | CCL11: 0.95, 95% CI: 0.86–1.00, p: 0.001); CCL11
and CD40 (AUCCCL11 | CD40: 0.95, 95% CI: 0.86–1.00, p: 0.001); monocyte chemotactic protein 4 (MCP-4)
and CCL11 (AUCMCP-4 | CCL11: 0.93, 95% CI: 0.79–1.00, p: 0.001)) when comparing healthy controls
with AD patients (Figure 4).
Taken together, these results indicate that even though the majority of proteins detected were
present in plasma, there is also important biological and potential diagnostic information to be
investigated from EVs.
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Table 4. Receiver operating characteristic curves for protein ratios and single proteins for plasma and
extracellular vesicles comparing healthy controls with AD patients.
Protein(s) AUC Sensitivity (%) Specificity (%) 95% CI p-Value
Plasma
TGF-α 0.93 80 100 0.82–1.00 0.001
TGF-α | CCL20 0.96 100 80 0.88–1.00 0.001
MANF | OSM 0.96 90 100 0.88–1.00 0.001
PLXNB3 | TGF-α 0.95 90 90 0.86–1.00 0.001
TGF-α | FGF-19 0.95 80 100 0.86–1.00 0.001
OSM | CCL20 0.94 80 90 0.84–1.00 0.001
GFR-α-1 | TGF-α 0.94 100 80 0.84–1.00 0.001
TGF-α | DNER 0.93 90 80 0.82–1.00 0.001
TN-R | TGF-α 0.93 90 90 0.82–1.00 0.001
OSM| CXCL5 0.93 90 90 0.82–1.00 0.001
PLXNB3 | RSPO1 0.93 90 90 0.82–1.00 0.001
uPA | TGF-α 0.92 90 80 0.80–1.00 0.001
TGF-α | CD40 0.92 90 80 0.80–1.00 0.001
SKR3 | TGF-α 0.91 70 100 0.79–1.00 0.002
TGF-α | CCL23 0.91 80 90 0.79–1.00 0.002
N-CDase | TGF-α 0.91 90 80 0.78–1.00 0.002
CNTN5 | TGF-α 0.91 90 90 0.78–1.00 0.002
Siglec-9 | RSPO1 0.89 90 80 0.73–1.00 0.003
Siglec-9 | TGF-α 0.89 100 80 0.73–1.00 0.003
N-CDase | HGF 0.88 80 90 0.73–1.00 0.004
EVs
CCL11 0.88 90 80 0.73–1.00 0.004
CLEC1B | CCL11 0.95 100 80 0.86–1.00 0.001
CCL11 | CD40 0.95 100 80 0.86–1.00 0.001
MCP-4 | CCL11 0.93 100 90 0.79–1.00 0.001
CD244 | CCL11 0.92 100 80 0.79–1.00 0.001
SKR3 | CCL11 0.92 100 90 0.77–1.00 0.001
JAM-B | CCL11 0.92 100 90 0.77–1.00 0.001
SIGLEC1 | CCL11 0.91 90 80 0.78–1.00 0.002
OPG | CCL11 0.91 90 80 0.78–1.00 0.002
uPA | CCL11 0.91 90 80 0.78–1.00 0.002
CCL11 |MCP-2 0.91 100 70 0.78–1.00 0.002
CLM-1 | CCL11 0.91 100 80 0.78–1.00 0.002
CCL11 | CD5 0.91 90 90 0.76–1.00 0.002
Siglec-9 | CCL11 0.90 90 80 0.76–1.00 0.002
CLM-6 | CCL11 0.90 90 90 0.75–1.00 0.002
SMOC2 | OPG 0.89 100 80 0.72–1.00 0.003
IL18 | 4E-BP1 0.88 90 80 0.73–1.00 0.004
CCL11 | PD-L1 0.88 80 90 0.73–1.00 0.004
PLXNB3 | CCL11 0.88 90 80 0.72–1.00 0.004
CCL11 | ADA 0.88 90 80 0.71–1.00 0.004
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Figure 4. Receiver operating characteristic curves for single proteins with false discovery rate (FDR)
correction, as well as top three protein ratios of proteins with high covariance found with partial least
squared discriminant analysis (PLSDA), both for plasma and EVs. Area under the curves and 95% CI
are presented for each receiver operating characteristic (ROC) curve, comparing healthy controls and
AD patients. Box plots show the Normalized Protein Expression (NPX) and ratio NPX values for single
or combined biomarker candidates comparing controls and AD patients.
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4. Discussion
In this study, we used PEA to examine protein profiles in plasma and EVs that could distinguish
AD patients from healthy controls. Phenotypical and structural characterisation was performed and
confirmed the enrichment of EVs. Several of the measured proteins were significantly different between
patients and controls, and EV samples seemed to contain more differentially expressed proteins
distinguishing the groups.
NTA and TEM confirmed the presence of particles within the size range of EVs according to
literature [41]. With respect to particle concentration and size, no significant differences were found
between the three groups. Other studies have found increased levels of specific subpopulations of EVs
in both CSF [41,42] and plasma [17,18] from AD patients, but NTA measures all particles and no specific
subpopulations of EVs. AD patients presented with a significantly increased protein concentration in
EV pellets compared to the other groups. Furthermore, EV enrichment was confirmed using the EV
markers CD9 by western blot and IEM and ALIX by western blot.
Combining the Neurology and Inflammation panels for plasma and EVs separately, PLSDA
determined a group of proteins in plasma and EVs, which could differentiate between the three groups.
The PLSDAs provided a clear separation of the groups, with the EV samples containing the most
significantly different proteins. Interestingly, when comparing controls with AD patients, five proteins;
CLM-6, Contactin-5 (CNTN5), serine/threonine-protein kinase receptor R3 (SKR3), urokinase-type
plasminogen activator (uPA), and TGF-αwere expressed differently depending on sample material.
This difference in expression could be due to the cargo selection mechanism during the biogenesis of
EVs, which is currently not fully understood [10]. As mentioned, there is an uncertainty to the clinical
outcome of the MCI patients, which could also be observed in the PLSDAs, as MCI samples clustered
in-between the AD and control groups. This was especially clear for the EV samples, where few MCI
patients overlapped with controls and AD patients.
Our results indicated that EVs contained more proteins that were significantly different compared
to that from plasma. Similar observations were made by Gidlöf et al. [43], who compared plasma
and EVs from patients with myocardial infarction to controls using PEA. EVs provided additional
information that could not have been obtained with plasma alone [43]. In our study, four neurology
related proteins were significantly different in EVs after FDR correction; CD38, CLM-1, CLM-6, and
Siglec-9, with these proteins being less expressed in disease groups. The proteins showed statistically
significant difference between MCI patients and controls, whereas the difference was not significant
between AD patients and healthy controls, even though the proteins were expressed similarly in the
AD group compared to the MCI group. This could be due to a larger variation in the AD group
and the limited sample size. Mice deficient in CD38 had decreased levels of Aβ, and treatment of
neuronal cell cultures with CD38 inhibitors lead to decreased Aβ secretion [44]. As we found decreased
levels of CD38 in EVs for the cognitively affected, this could indicate a protective response. CLM-1
is an activating receptor participating in regulation of microglia [45]. Absence of CLM-1 lead to
increased pro-inflammatory cytokine and nitric oxide production, and demyelination [46]. CLM-6
is an activator for monocytes [47] and acts as an inhibitor for T cell proliferation and activation [48].
As AD progresses, this could lead to a decreased expression of proteins with a protective function,
which would agree with our findings, as we found decreased levels of these proteins for MCI and
AD patients. To the author’s knowledge, no studies have reported any relation of Siglec-9 with AD.
The functional murine equivalent to the human Siglec-9 is Siglec-E [49]. Siglec-E is found expressed
on microglia [49,50], providing a protective effect by preventing phagocytosis of neural debris by
microglia, thus reducing release of pro-inflammatory cytokines [51]. If a similar protective function
of Siglec-9 could be elucidated, it would be in agreement with our finding of a decreased expression
of this protein in the disease groups. Furthermore, TGF-α and CCL11 from the Inflammation panel
were significantly upregulated in plasma and EV samples, respectively, comparing AD patients with
controls. A study investigating neuroinflammation found that the cytokine TGF-α produced by
microglia inhibits the pathogenic activities of astrocytes and that expression of TGF-α correlated with
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severity in multiple sclerosis lesions [52]. The chemokine CCL11 has been associated with ageing and
neurodegeneration [53] and proposed as a risk factor for AD [54]. In agreement with the findings in
our study, increased levels of CCL11 has been reported in CSF in vivo [54]. Testing the diagnostic
capabilities of the combined protein ratios from the PLSDA models and the FDR significant proteins
proved that both sample matrices contained important information regarding biomarker candidates
for comparison of healthy controls and patients with AD. Interestingly, for plasma and EVs, TGF-α
and CCL11, respectively, were involved in most of the combined biomarker models. These proteins
were also the only FDR corrected proteins found significant with the mentioned inclusion criteria for
ROC curves.
The peripheral immune system has been shown to be implicated in AD pathology, with infiltration
of immune cells, e.g., macrophages to aid microglia with phagocytosis of Aβ [55], and cells of the
immune system release EVs into the circulation [56]. Several of the FDR significant proteins have also
been associated with immune cells, some of them such as Siglec-9 with neutrophils and monocytes [57],
CLM-6 with monocytes and T cells [47,48], and CLM-1 and CCL11 with eosinophils [53,58]. This
means that the observed expression of proteins in the current study could be due to a regulation of the
peripheral immune system, as there is a cross talk between this and the CNS.
As indicated in the literature, these FDR significant proteins are involved in immunological
processes and correlations showed that most of the expressions of these proteins were positively
associated to each other, possibly indicating a functional association or response in regards to disease
pathology. However, none of these proteins correlated with measured CRP levels. Neither, the two
inflammatory proteins CCL11 and TGF-α correlated with CRP levels. This may indicate that their
functions are not related to a systemic immunological reaction.
Whelan and colleagues have previously examined plasma from AD and MCI patients compared to
controls using PEA [59]. They examined plasma and CSF also using the Neurology and Inflammation
panels. Similar findings were observed, including changes in the protein’s junction adhesion molecule
B (JAM-B), uPA, CD200, and CD38. JAM-B was significantly different in plasma and CSF comparing AD
patients and healthy controls, and significantly different in plasma comparing MCI patients and healthy
controls. We did not detect any differences in plasma; however, EVs depicted a similar difference of
JAM-B, as that seen in the study by Whelan et al. [59], where JAM-B was found downregulated in
cognitively affected. JAM-B is a tight junction protein expressed by brain endothelial cells forming the
BBB [60], and its dysregulation could be ascribed to the disruption of the BBB [61]. JAM-B has also been
associated with lymphocyte transendothelial migration [62] and vascular inflammation [63]. Similar
observations could be observed for uPA, CD200, and CD38, hence strengthening our observations on
differences between the three groups with downregulation of these proteins in disease groups. uPA has
been shown to be important for recovery of axons after injury [64] together with ezrin (EZR) [65] which
also was downregulated in our study, as well as inhibition of Aβ neurotoxicity [66]. The expression of
uPA has been shown to be increased in cells stimulated by Aβ which through binding to uPA receptor
(uPAR) and activation of plasminogen to plasmin can degrade Aβ [66,67]. The lower levels of uPA
in plasma and EVs are not contradictory to this, but may indicate that uPA is bound to uPAR and
plasminogen in the brain [68]. CD200 is thought to be involved in enhanced amyloid phagocytosis [69].
PEA has also previously been used to investigate EVs derived from neurons using the Neurology
panel [70]. Proteins highly expressed in neuron-derived EVs were also of relevance in our study.
These proteins included CLEC1B, CLM-6, epithelial discoidin domain-containing receptor 1 (DDR1),
EZR, SKR3, tumour necrosis factor receptor superfamily member 21 (TNFRSF21), and PLXNB3
downregulated in AD, as well as interleukin 12 (IL12) and SPARC-related modular calcium-binding
protein 2 (SMOC2) upregulated in AD. Another study reported of decreased levels of hepatocyte
growth factor (HGF) in neuron-derived EVs from AD patients [15], which is in contrast to our findings
showing increased levels of HGF in plasma from AD patients compared to controls. However, HGF
have been shown to be increased in CSF of AD patients, possibly as a response to white matter
damage [71], and it might be a similar response we observed in our plasma samples.
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Our study heralds some limitations. At first, relatively low numbers of participants were included.
However, we were able to observe a clear differentiation of AD patients from controls using the protein
profiles from the PLSDA. Secondly, only larger EVs from the 20,000 × g enrichment was analysed by
PEA, and therefore the information from smaller EVs have not been investigated. Thirdly, since PEA
utilized panels of specifically selected proteins, other possibly relevant proteins were not measured.
Fourthly, PEA only measured relative concentrations and no absolute levels of proteins making a direct
comparison with other studies difficult. Due to this output of relative abundances, the PEA method
is suitable as a screening device for discovery studies, however, absolute quantification using other
methods would be needed for further validation studies. Fifthly, although all patients were clinically
verified for MCI or AD, not all were examined for clinical markers such as CSF Aβ and tau, which
could have been correlated to our proposed protein biomarkers. Sixthly, the controls were slightly
younger than the patients were, since it was not possible to recruit older individuals, but this difference
is probably only of minor importance.
Thus, the present results imply significant indications regarding the analysis of plasma- and EV-
related proteins as putative biomarkers in AD, but our findings warrant further investigations using a
larger independent cohort of cases and controls. It would also be of interest to include other types of
dementia and more severe cases of AD to investigate if these proteins are specific to AD and if they
follow disease progression.
5. Conclusions
Using PEA with selected protein panels related to neurological and inflammatory processes
we identified protein profiles, using ratios of protein expressions based on the PLSDA models that
could discriminate between healthy individuals and patients with AD. Comparison of protein panels
between healthy controls and patient groups showed that EVs contained more significantly expressed
proteins compared to plasma.
Thus, PEA was capable of identifying promising biomarker candidates for AD diagnostics for
both plasma and EV samples. However, EVs contained additional information regarding disease
pathology, which could not be obtained by plasma alone.
Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9059/8/7/199/s1,
Table S1: Supplementary Material Table S1–Raw NPX values, Table S2: Supplementary Material Table S2—Post
hoc p-values.
Author Contributions: Conceptualization, J.E.N., S.R.K. and S.P.; formal analysis, J.E.N., K.S.P. and R.G.M.;
investigation, J.E.N., K.S.P., R.G.M. and G.C.; resources, K.S.P., K.V., R.G.M., G.C., S.R.K. and S.P.; data curation,
J.E.N., K.S.P., R.G.M. and G.C.; writing—original draft preparation, J.E.N.; writing—review and editing, J.E.N.,
K.S.P., K.V., R.G.M., G.C., S.L.-C., T.M., S.R.K. and S.P.; visualization, J.E.N., R.G.M. and G.C.; supervision, S.R.K.
and S.P.; project administration, J.E.N., S.R.K. and S.P.; funding acquisition, J.E.N. All authors have read and
agreed to the published version of the manuscript.
Funding: This research was funded by Speciallæge Heinrich Kopps Legat, A.P. Møller og Hustru Chastine
Mc-Kinney Møllers Fond til almene Formaal (Lægefonden), and The Obel Family Foundation.
Acknowledgments: The authors would like to thank Helle Dalsgaard Holst, Mette Ullits Thomsen, Helle Hylander,
and Mette Jespersgaard for their help with inclusion and collection of blood samples and data from patients
and healthy controls. We would also like to thank Jane Syndergaard for her help and assistance with the Cobas
analysis of serum samples.
Conflicts of Interest: K.S.P. is employed as Project Manager at BioXpedia A/S. BioXpedia A/S had no influence
on study design and conception, analysis, and reporting of the results. No other authors declare any conflicts
of interest.
References
1. Association, A. 2020 Alzheimer’s disease facts and figures. J. Alzheimer’s Assoc. 2020, 16, 391–460.
2. Alzheimer’s Disease International: World Alzheimer Report 2019 Attitudes to dementia. Available online:
https://www.alz.co.uk/research/WorldAlzheimerReport2019.pdf (accessed on 6 July 2020).
Biomedicines 2020, 8, 199 18 of 21
3. Judge, D.; Roberts, J.; Khandker, R.K.; Ambegaonkar, B.; Black, C.M. Physician Practice Patterns Associated
with Diagnostic Evaluation of Patients with Suspected Mild Cognitive Impairment and Alzheimer’s Disease.
Int. J. Alzheimers. Dis. 2019, 2019, 4942562. [CrossRef] [PubMed]
4. Greenberg, S.M. Cerebral amyloid angiopathy and Alzheimer disease—One peptide, two pathways. Nat.
Rev. Neurol. 2020, 16, 1–13. [CrossRef]
5. Riphagen, J.M.; Ramakers, I.H.G.M.; Freeze, W.M.; Pagen, L.H.G.; Hanseeuw, B.J.; Verbeek, M.M.;
Verhey, F.R.J.; Jacobs, H.I.L. Linking APOE-ε4, blood-brain barrier dysfunction, and inflammation to
Alzheimer’s pathology. Neurobiol. Aging 2020, 85, 96–103. [CrossRef]
6. Nation, D.A.; Sweeney, M.D.; Montagne, A.; Sagare, A.P.; Orazio, L.M.D.; Pachicano, M.; Sepehrband, F.;
Nelson, A.R.; Buennagel, D.P.; Harrington, M.G.; et al. Blood-brain barrier breakdown is an early biomarker
of human cognitive dysfunction. Nat. Med. 2019, 25, 270–276. [CrossRef] [PubMed]
7. Piazza, F.; Galimberti, G.; Conti, E.; Isella, V.; Perlangeli, M.V.; Speranza, T.; Borroni, B.; Pogliani, E.M.;
Padovani, A.; Ferrarese, C. Increased tissue factor pathway inhibitor and homocysteine in Alzheimer’s
disease. Neurobiol. Aging 2012, 33, 226–233. [CrossRef] [PubMed]
8. Anderson, N.L. The Human Plasma Proteome: History, Character, and Diagnostic Prospects. Mol. Cell.
Proteom. 2002, 1, 845–867. [CrossRef]
9. Gézsi, A.; Kovács, Á.; Visnovitz, T.; Buzás, E.I. Systems biology approaches to investigating the roles of
extracellular vesicles in human diseases. Exp. Mol. Med. 2019, 51, 1–11. [CrossRef]
10. Garcia-Romero, N.; Esteban-Rubio, S.; Rackov, G.; Carrión-Navarro, J.; Belda-Iniesta, C.; Ayuso-Sacido, A.
Extracellular vesicles compartment in liquid biopsies: Clinical application. Mol. Asp. Med. 2018, 60, 27–37.
[CrossRef]
11. Court, F.A.; Midha, R.; Cisterna, B.A.; Grochmal, J.; Shakhbazau, A.; Hendriks, W.T.; Van Minnen, J.
Morphological evidence for a transport of ribosomes from Schwann cells to regenerating axons. Glia 2011,
59, 1529–1539. [CrossRef]
12. Lachenal, G.; Pernet-Gallay, K.; Chivet, M.; Hemming, F.J.; Belly, A.; Bodon, G.; Blot, B.; Haase, G.; Goldberg, Y.;
Sadoul, R. Release of exosomes from differentiated neurons and its regulation by synaptic glutamatergic
activity. Mol. Cell. Neurosci. 2011, 46, 409–418. [CrossRef] [PubMed]
13. Thompson, A.G.; Gray, E.; Heman-Ackah, S.M.; Mäger, I.; Talbot, K.; El Andaloussi, S.; Wood, M.J.;
Turner, M.R. Extracellular vesicles in neurodegenerative disease-pathogenesis to biomarkers. Nat. Rev.
Neurol. 2016, 12, 346–357. [CrossRef] [PubMed]
14. Goetzl, E.J.; Abner, E.L.; Jicha, G.A.; Kapogiannis, D.; Schwartz, J.B. Declining levels of functionally specialized
synaptic proteins in plasma neuronal exosomes with progression of Alzheimer’s disease. Faseb J. 2018, 32,
888–893. [CrossRef] [PubMed]
15. Goetzl, E.J.; Nogueras-Ortiz, C.; Mustapic, M.; Mullins, R.J.; Abner, E.L.; Schwartz, J.B.; Kapogiannis, D.
Deficient neurotrophic factors of CSPG4-type neural cell exosomes in Alzheimer disease. Faseb J. 2019, 33,
231–238. [CrossRef] [PubMed]
16. Goetzl, E.J.; Schwartz, J.B.; Abner, E.L.; Jicha, G.A.; Kapogiannis, D. High complement levels
inastrocyte-derived exosomes of Alzheimer’s disease. Ann. Neurol. 2018, 83, 544–552. [CrossRef]
17. Hosseinzadeh, S.; Noroozian, M.; Mortaz, E.; Mousavizadeh, K. Plasma microparticles in alzheimer’s disease:
The role of vascular dysfunction. Metab. Brain Dis. 2018, 33, 293–299. [CrossRef] [PubMed]
18. Xue, S.; Cai, X.; Li, W.; Zhang, Z.; Dong, W.; Hui, G. Elevated plasma endothelial microparticles in alzheimer’s
disease. Dement. Geriatr. Cogn. Disord. 2012, 34, 174–180. [CrossRef]
19. Dinkins, M.B.; Dasgupta, S.; Wang, G.; Zhu, G.; Bieberich, E. Plaque Load in the 5XFAD Mouse Model of
Alzheimer ’ s Disease. Neurobiol. Aging 2014, 35, 1792–1800. [CrossRef]
20. Polanco, J.C.; Scicluna, B.J.; Hill, A.F.; Götz, J. Extracellular vesicles isolated from the brains of rTg4510
mice seed tau protein aggregation in a threshold-dependent manner. J. Biol. Chem. 2016, 291, 12445–12466.
[CrossRef]
21. Yuyama, K.; Sun, H.; Mitsutake, S.; Igarashi, Y. Sphingolipid-modulated exosome secretion promotes
clearance of amyloid-B by microglia. J. Biol. Chem. 2012, 287, 10977–10989. [CrossRef] [PubMed]
22. Simón, D.; García-García, E.; Royo, F.; Falcón-Pérez, J.M.; Avila, J. Proteostasis of tau. Tau overexpression
results in its secretion via membrane vesicles. Febs Lett. 2012, 586, 47–54. [CrossRef] [PubMed]
23. Chen, M.; Xia, W. Proteomic Profiling of Plasma and Brain Tissue from Alzheimer’s Disease Patients Reveals
Candidate Network of Plasma Biomarkers. J. Alzheimer’s Dis. 2020, 76, 349–368. [CrossRef] [PubMed]
Biomedicines 2020, 8, 199 19 of 21
24. Shi, L.; Westwood, S.; Baird, A.L.; Winchester, L.; Dobricic, V.; Kilpert, F.; Hong, S.; Franke, A.; Hye, A.;
Ashton, N.J.; et al. Discovery and validation of plasma proteomic biomarkers relating to brain amyloid
burden by SOMAscan assay. Alzheimer’s Dement. 2019, 15, 1478–1488. [CrossRef] [PubMed]
25. Perrotte, M.; Haddad, M.; Le, A.; Frost, E.H.; Fulöp, T.; Ramassamy, C. Profile of pathogenic proteins in total
circulating extracellular vesicles in mild cognitive impairment and during the progression of Alzheimer’s
disease. Neurobiol. Aging 2020, 86, 102–111. [CrossRef]
26. Hurwitz, S.N.; Sun, L.; Cole, K.Y.; Ford, C.R.; Olcese, J.M.; Meckes, D.G. An optimized method for enrichment
of whole brain-derived extracellular vesicles reveals insight into neurodegenerative processes in a mouse
model of Alzheimer’s disease. J. Neurosci. Methods 2018, 307, 210–220. [CrossRef]
27. Kreimer, S.; Belov, A.M.; Ghiran, I.; Murthy, S.K.; Frank, D.A.; Ivanov, A.R. Mass-spectrometry-based
molecular characterization of extracellular vesicles: Lipidomics and proteomics. J. Proteome Res. 2015, 14,
2367–2384. [CrossRef]
28. Assarsson, E.; Lundberg, M.; Holmquist, G.; Björkesten, J.; Thorsen, S.B.; Ekman, D.; Eriksson, A.;
Dickens, E.R.; Ohlsson, S.; Edfeldt, G.; et al. Homogenous 96-plex PEA immunoassay exhibiting high
sensitivity, specificity, and excellent scalability. PLoS ONE 2014, 9, e95192. [CrossRef]
29. Lundberg, M.; Eriksson, A.; Tran, B.; Assarsson, E.; Fredriksson, S. Homogeneous antibody-based proximity
extension assays provide sensitive and specific detection of low-abundant proteins in human blood. Nucleic
Acids Res. 2011, 39, e102. [CrossRef] [PubMed]
30. WHO International Classification of Diseases (ICD). Available online: http://www.who.int/classifications/icd/
en/ (accessed on 22 June 2020).
31. McKhann, G.; Drachman, D.; Folstein, M.; Katzman, R.; Price, D.; Stadlan, E.M. Clinical diagnosis of
Alzheimer’s disease: Report of the NINCDS-ADRDA Work Group under the auspices of Department of
Health and Human Services Task Force on Alzheimer’s Disease. Neurology 1984, 34, 939. [CrossRef]
32. Petersen, R.C. Mild cognitive impairment as a diagnostic entity. J. Intern. Med. 2004, 256, 183–194. [CrossRef]
33. Lacroix, R.; Judicone, C.; Poncelet, P.; Robert, S.; Arnaud, L.; Sampol, J.; Dignat-George, F. Impact of
pre-analytical parameters on the measurement of circulating microparticles: Towards standardization of
protocol. J. Thromb. Haemost. 2011, 10, 437–446. [CrossRef] [PubMed]
34. Thermo Scientific, M-PER®Mammalian Protein Extraction Reagent. Available online:
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/MAN0011378_MPER_Mammal_Protein_
Extract_Reag_UG.pdf (accessed on 6 July 2020).
35. Nielsen, T.; Kristensen, S.R.; Gregersen, H.; Teodorescu, E.M.; Christiansen, G.; Pedersen, S. Extracellular
vesicle-associated procoagulant phospholipid and tissue factor activity in multiple myeloma. PLoS ONE
2019, 14, e0210835. [CrossRef] [PubMed]
36. Thermo Scientific, PierceTM BCA Protein Assay Kit. Available online: https://tools.thermofisher.com/content/
sfs/manuals/MAN0011430_Pierce_BCA_Protein_Asy_UG.pdf (accessed on 20 February 2020).
37. Olink Proteomics. Strategies for Design of Protein Biomarker Studies; Olink Proteomics: Uppsala, Sweden, 2018.
38. Hulsen, T.; de Vlieg, J.; Alkema, W. BioVenn—A web application for the comparison and visualization of
biological lists using area-proportional Venn diagrams. BMC Genom. 2008, 9, 1–6. [CrossRef] [PubMed]
39. Youden, W.J. Index for rating diagnostic tests. Cancer 1950, 3, 32–35. [CrossRef]
40. Tyanova, S.; Temu, T.; Sinitcyn, P.; Carlson, A.; Hein, M.Y.; Geiger, T.; Mann, M.; Cox, J. The Perseus
computational platform for comprehensive analysis of (prote)omics data. Nat. Methods 2016, 13, 731–740.
[CrossRef] [PubMed]
41. Joshi, P.; Turola, E.; Ruiz, A.; Bergami, A.; Libera, D.D.; Benussi, L.; Giussani, P.; Magnani, G.; Comi, G.;
Legname, G.; et al. Microglia convert aggregated amyloid-β into neurotoxic forms through the shedding of
microvesicles. Cell Death Differ. 2014, 21, 582–593. [CrossRef] [PubMed]
42. Agosta, F.; Libera, D.D.; Spinelli, E.G.; Finardi, A.; Canu, E.; Bergami, A.; Chiavetto, L.B.; Baronio, M.;
Comi, G.; Martino, G.; et al. Myeloid microvesicles in cerebrospinal fluid are associated with myelin damage
and neuronal loss in mild cognitive impairment and alzheimer disease. Ann. Neurol. 2014, 76, 813–825.
[CrossRef]
43. Gidlöf, O.; Evander, M.; Rezeli, M.; Marko-Varga, G.; Laurell, T.; Erlinge, D. Proteomic profiling of extracellular
vesicles reveals additional diagnostic biomarkers for myocardial infarction compared to plasma alone. Sci.
Rep. 2019, 9, 1–13. [CrossRef]
Biomedicines 2020, 8, 199 20 of 21
44. Blacher, E.; Dadali, T.; Bespalko, A.; Haupenthal, V.J.; Grimm, M.O.W.; Hartmann, T.; Lund, F.E.; Stein, R.;
Levy, A. Alzheimer’s disease pathology is attenuated in a CD38-deficient mouse model. Ann. Neurol. 2015,
78, 88–103. [CrossRef]
45. Ejarque-Ortiz, A.; Solà, C.; Martínez-Barriocanal, Á.; Schwartz, S.; Martín, M.; Peluffo, H.; Sayós, J. The
receptor CMRF35-like molecule-1 (CLM-1) enhances the production of LPS-induced pro-inflammatory
mediators during microglial activation. PLoS ONE 2015, 10, 1–17. [CrossRef]
46. Xi, H.; Katschke, K.J.; Helmy, K.Y.; Wark, P.A.; Kljavin, N.; Clark, H.; Eastham-Anderson, J.; Shek, T.;
Roose-Girma, M.; Ghilardi, N.; et al. Negative regulation of autoimmune demyelination by the inhibitory
receptor CLM-1. J. Exp. Med. 2010, 207, 7–16. [CrossRef] [PubMed]
47. Simhadri, V.R.; Mariano, J.L.; Gil-Krzewska, A.; Zhou, Q.; Borrego, F. CD300c is an activating receptor
expressed on human monocytes. J. Innate Immun. 2013, 5, 389–400. [CrossRef] [PubMed]
48. Cui, C.; Su, M.; Lin, Y.; Lai, L. A CD300c-Fc fusion protein inhibits t cell immunity. Front. Immunol. 2018, 9,
1–14. [CrossRef] [PubMed]
49. Siddiqui, S.S.; Matar, R.; Merheb, M.; Hodeify, R.; Vazhappilly, C.G.; Marton, J.; Shamsuddin, S.A.; Al
Zouabi, H. Siglecs in Brain Function and Neurological Disorders. Cells 2019, 8, 1125. [CrossRef]
50. Gautier, E.L.; Shay, T.; Miller, J.; Greter, M.; Jakubzick, C.; Ivanov, S.; Helft, J.; Chow, A.; Elpek, K.G.;
Gordonov, S.; et al. Gene expression profiles and transcriptional regulatory pathways underlying mouse
tissue macrophage identity and diversity. Nat. Immunol. 2012, 13, 1118–1128. [CrossRef]
51. Claude, J.; Linnartz-Gerlach, B.; Kudin, A.P.; Kunz, W.S.; Neumann, H. Microglial CD33-related siglec-E
Inhibits neurotoxicity by preventing the phagocytosis-associated oxidative burst. J. Neurosci. 2013, 33,
18270–18276. [CrossRef]
52. Rothhammer, V.; Borucki, D.M.; Tjon, E.C.; Takenaka, M.C.; Chao, C.C.; Ardura-Fabregat, A.; De Lima, K.A.;
Gutiérrez-Vázquez, C.; Hewson, P.; Staszewski, O.; et al. Microglial control of astrocytes in response to
microbial metabolites. Nature 2018, 557, 724–728. [CrossRef]
53. Teixeira, A.L.; Gama, C.S.; Rocha, N.P.; Teixeira, M.M. Revisiting the role of eotaxin-1/CCL11 in psychiatric
disorders. Front. Psychiatry 2018, 9, 1–6. [CrossRef]
54. Zhu, C.; Xu, B.; Sun, X.; Zhu, Q.; Sui, Y. Targeting CCR3 to Reduce Amyloid-β Production, Tau
Hyperphosphorylation, and Synaptic Loss in a Mouse Model of Alzheimer’s Disease. Mol. Neurobiol.
2017, 54, 7964–7978. [CrossRef]
55. Chasaide, C.N.; Lynch, M.A. The role of the immune system in driving neuroinflammation. Brain Neurosci.
Adv. 2020, 4, 1–8. [CrossRef]
56. Van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev.
Mol. Cell Biol. 2018, 19, 213. [CrossRef]
57. Yu, H.; Gonzalez-gil, A.; Wei, Y.; Fernandes, S.M.; Porell, R.N.; Vajn, K.; Paulson, J.C.; Nycholat, C.M.;
Schnaar, R.L. Siglec-8 and Siglec-9 binding speci fi cities and endogenous airway ligand distributions and
properties. Glycobiology 2017, 27, 657–668. [CrossRef]
58. Shik, D.; Moshkovits, I.; Reichman, H.; Munitz, A. Interleukin-33 requires CMRF35-like molecule-1 expression
for induction of myeloid cell activation. Allergy 2014, 69, 719–729. [CrossRef] [PubMed]
59. Whelan, C.D.; Mattsson, N.; Nagle, M.W.; Vijayaraghavan, S.; Hyde, C.; Janelidze, S.; Stomrud, E.; Lee, J.;
Fitz, L.; Samad, T.A.; et al. Multiplex proteomics identifies novel CSF and plasma biomarkers of early
Alzheimer’s disease. Acta Neuropathol. Commun. 2019, 7, 1–14. [CrossRef]
60. Tietz, S.; Périnat, T.; Greene, G.; Enzmann, G.; Deutsch, U.; Adams, R.; Imhof, B.; Aurrand-Lions, M.;
Engelhardt, B. Lack of junctional adhesion molecule (JAM)-B ameliorates experimental autoimmune
encephalomyelitis. Brain. Behav. Immun. 2018, 73, 3–20. [CrossRef] [PubMed]
61. Baird, A.L.; Westwood, S.; Lovestone, S. Blood-based proteomic biomarkers of Alzheimer’s disease pathology.
Front. Neurol. 2015, 6, 236. [CrossRef] [PubMed]
62. Johnson-Léger, C.A.; Aurrand-Lions, M.; Beltraminelli, N.; Fasel, N.; Imhof, B.A. Junctional adhesion
molecule-2 (JAM-2) promotes lymphocyte transendothelial migration. Blood 2002, 100, 2479–2486. [CrossRef]
63. Weber, C.; Fraemohs, L.; Dejana, E. The role of junctional adhesion molecules in vascular inflammation. Nat.
Rev. Immunol. 2007, 7, 467–477. [CrossRef] [PubMed]
64. Merino, P.; Diaz, A.; Jeanneret, V.; Wu, F.; Torre, E.; Cheng, L.; Yepes, M. Urokinase-type plasminogen
activator (uPA) binding to the uPA receptor (uPAR) promotes axonal regeneration in the central nervous
system. J. Biol. Chem. 2017, 292, 2741–2753. [CrossRef]
Biomedicines 2020, 8, 199 21 of 21
65. Merino, P.; Diaz, A.; Manrique, L.G.; Cheng, L.; Yepes, M. Urokinase-type plasminogen activator (uPA)
promotes ezrin-mediated reorganization of the synaptic cytoskeleton in the ischemic brain. J. Biol. Chem.
2018, 293, 9234–9247. [CrossRef] [PubMed]
66. Tucker, H.M.; Kihiko-Ehmann, M.; Estus, S. Urokinase-type plasminogen activator inhibits amyloid-β
neurotoxicity and fibrillogenesis via plasminogen. J. Neurosci. Res. 2002, 70, 249–255. [CrossRef]
67. Cunningham, O.; Campion, S.; Perry, V.H.; Murray, C.; Sidenius, N.; Docagne, F.; Cunningham, C. Microglia
and the Urokinase Plasminogen Activator Receptor/uPA System in Innate Brain Inflammation. Glia 2009,
1814, 1802–1814. [CrossRef] [PubMed]
68. Davis, J.; Wagner, M.R.; Zhang, W.; Xu, F.; Nostrand, W.E. Van Amyloid B-Protein Stimulates the Expression
of Urokinase-type Plasminogen Activator (uPA) and Its Receptor (uPAR) in Human Cerebrovascular Smooth
Muscle Cells. J. Biol. Chem. 2003, 278, 19054–19061. [CrossRef]
69. Varnum, M.M.; Kiyota, T.; Ingraham, K.L.; Ikezu, S.; Ikezu, T. The Anti-inflammatory glycoprotein, CD200,
Restores Neurogenesis and Enhances Amyloid Phagocytosis in a Mouse Model of Alzheimer’s Disease.
Neurobiol. Aging 2015, 36, 2995–3007. [CrossRef] [PubMed]
70. Pulliam, L.; Sun, B.; Mustapic, M.; Chawla, S.; Kapogiannis, D. Plasma neuronal exosomes serve as biomarkers
of cognitive impairment in HIV infection and Alzheimer’s disease. J. Neurovirol. 2019, 25, 702–709. [CrossRef]
71. Tsuboi, Y.; Kakimoto, K.; Nakajima, M.; Akatsu, H.; Yamamoto, T.; Ogawa, K.; Ohnishi, T.; Daikuhara, Y.;
Yamada, T. Increased hepatocyte growth factor level in cerebrospinal fluid in Alzheimer’s disease. Acta
Neurol. Scand. 2003, 107, 81–86. [CrossRef] [PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
